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c/3 ' Abstract 
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In this paper, we present recent progress in the development of hydrophobic silica aerogel as a Cherenkov radiator. 

C/3 , In addition to the conventional method, the recently developed pin-drying method for producing high-refractive-index 

vJ ' aerogels with high transparency was studied in detail. Optical qualities and large tile handling for crack-free aerogels 

C/3 ' were investigated. Sufficient photons were detected from high-performance aerogels in a beam test. 
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^ • 1. Introduction 

o 



Silica aerogel is a three-dimensional structural solid of silica particles, and its texture is same as that 
of styrofoam. It is a highly porous material with low bulk density and is a good thermal insulator. In 
addition, silica aerogel is a transparent material because it contains a fine structure of silica networks and 
^«J ' air on the order of 10 nm; that is, its optical properties are explained by Rayleigh scattering. Aerogel is first 

*vj i synthesized as an alcogel containing alcohol as the solvent in structural pores. The alcohol is then extracted, 

exchanging it for air by using the supercritical drying method. 

Aerogel has been used in high-energy and nuclear physics experiments since the 1970s, because it is 
the most convenient medium for creating a Cherenkov radiator owing to its unique refractive index. The 
gap in the refractive index between gas and liquid materials can only be filled by aerogel. The refractive 
index of aerogel is proportional to its bulk density and can be adjusted in the process of production. The 
optical transparency of aerogel strongly depends on the conditions during alcogel synthesis. Thus, the 
development of new techniques for producing aerogel is the key for obtaining the ideal Cherenkov radiator. 
Therefore, physicists have attempted to customize the method of producing aerogel |lll|2|], although only a 
few companies (for example, Panasonic Electric Works) manufacture it. The first technique they developed 
for producing aerogel used a sol-gel single-step method, and high transparency was only available in the 
refractive index range n - 1.02-1.03. Thesecondtechniquethey developed used a two-step method. Finally, 
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Fig. 1. Two types of pin containers: type-g (left) and type-a (right). 



the KEK group developed the KEK method as the third technique, which opened up production of n = 1.01 
and lower aerogels in the 1990s [30. For example, threshold Cherenkov counters with n - 1.024 aerogels 
were developed for the TASSO experiment at DESY 1 1], a ring imaging Cherenkov (RICH) detector with 
n - 1 .03 was used for the LHCb detector at CERN |4], and threshold Cherenkov counter modules with n = 
1.01-1.03 were installed in the Belle spectrometer at KEK |5]. 

In contrast, the higher-refractive-index range has not yet been fully exploited. Aerogel with n = 1 .06- 1 .08 
can be directly synthesized but the transparency is far from satisfactory. The sintering of manufactured aero- 
gel is a known method for producing high-refractive-index samples with up to n = 1.20. Only one usage 
of a high-refractive-index aerogel has been reported: the use of an « = 1.13 aerogel for the SND detector 
upgrade at BINP 16J. 

At the previous TIPP09 conference, we reported the successful production of hydrophobic aerogel with 
a wide refractive index range (1.0026 < n < 1.26) |7]. Since then, we have developed highly transparent 
aerogels with a high refractive index by a novel production method: the pin-drying method. In this paper, 
we report the development and manufacturing status of aerogel Cherenkov radiators by both the pin-drying 
and conventional methods. 

2. Production methods 

The pin-drying method is a technique for generating alcogels with densities higher than that of the 
starting alcogel while maintaining the original transparency. In the TIPP09 conference, we called it the 
"pinhole drying" method. The name "pin-drying" method derives from its introduction in the conference 
summary talk |8]. The essence of the pin-drying method is shrinking alcogels while maintaining the aspect 
ratio and preventing cracking. It is achieved by using a semi-sealed pin container to partially evaporate 
the solvent contained in the alcogels. The pin-drying method is based on our conventional method of 
synthesizing the starting alcogel. The process after pin-drying of the starting alcogel is also identical to 
that of the conventional method. 

Our conventional method of producing aerogels is based on the KEK method (the third production 
method listed in the Introduction). The original KEK method specialized in producing aerogels with low 
refractive index (n = 1.01-1.03); however, it has been extended to obtain transparent aerogels with higher 
refractive index (n = 1.04-1.07). The novel solvent A^,A^-dimethylformamide (DMF) has been introduced in 
the alcogel synthesis process \Q^. Ethanol, methanol, and DMF are used as different solvents according to 
the desired refractive index. Here we call the generalized wet-gel a "solvogel" instead of an alcogel. 



2.1. Conventional production method 

Aerogel production, which takes about one month, begins by the synthesis of a solvogel followed by one 
week aging in a sealed polystyrene mold. The solvogel production is completed here. After the solvogel is 
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Fig. 2. Photographs of a solvogel before (left) and after (right) the pin-drying process. 



immersed in ethanol and detached from the mold to exchange the solvent for ethanol, hydrophobic treatment 
is performed in ethanol for three days. Extra ammonia generated in the hydrophobic process is removed by 
replacing ethanol three times. Finally, supercritical drying by liquefied carbon dioxide is performed using 
an autoclave. The complete production procedure is detailed in Ref. lilQ] , Note that the solvogel always 
remains in ethanol or the sealed mold during conventional production. 



2.2. Pin-drying production method 

In the pin-drying method, the pin-drying process is inserted between the aging and hydrophobic treat- 
ment processes. First, a solvogel with n-\ .045-1 .066 is synthesized using methanol or DMF as the solvent. 
After only three days of aging, the completed solvogel is rapidly detached from the mold in the ethanol bath 
in a process which ensures that the solvent used for solvogel synthesis is not substituted for ethanol. Then, 
the solvogel is carefully positioned meniscus side up on a strainer with 500-/im pitch in ethanol. The strainer 
is chosen among 015, 20, and 30 cm diameters according to the solvogel size. The strainer retrieved from 
the ethanol bath is semi-sealed to create a pin container 

Two types of pin containers were designed, as shown in Fig. 1: type-g and type-a. In the type-g pin 
container, the strainer is sandwiched between two glass cases with natural voids in the joint part, because 
the glass case is handmade. The two glass cases are clamped with scotch tape, which functions as a void 
adjuster The glass case was originally made as a mold for synthesizing low-density alcogels, but it was 
diverted for the 015 cm strainer The type-g pin container is relatively stable and reliable for pin-drying 
production. In the type-a pin container, a large strainer is sandwiched between two acrylic plates with a 
thickness of 2 mm and with some pinholes. In this container as well, scotch tape is used to attach the 
strainer and acrylic plates. If the interface between the strainer and the acrylic plates is not completely 
filled, it also functions like pinholes. 

Fig. 2 shows the shrinkage of a solvogel in a pin container (type-a). It takes several weeks or months 
to complete the pin-drying process, depending on the conditions of the starting solvogel and the target 
refractive index. The number of pinholes and the width of voids should be controlled throughout the process 
to avoid cracking of the solvogel. To determine the end of the pin-drying process, the weight of the solvogel 
is indirectly monitored. The pin container is not opened until the end of the process. 

After the pin-drying process, hydrophobic treatment, identical to that performed in the conventional 
method, is performed. For this purpose, the solvogel is immersed in ethanol in a recovery process. For the 
case of a target with n-\ .050- 1 .075, the pin container is directly sunk into the ethanol bath and the solvogel 
is retrieved. However, the recovery process for a target with n > 1.10 is somewhat complicated. To avoid 
cracking, the pin container is first sealed in an air-tight pod filled with ethanol vapor In a few days, ethanol 
vapors penetrate the pin container to moisturize the solvogel. A small amount of ethanol is then added to 
the pin container to accelerate moisturization, and finally, the pin container is sunk into ethanol. Moreover, 
hydrophobic treatment should be conducted step-by-step to avoid cracking for n > 1.10. Ammonia removal 
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Fig. 3. Transmission length at 400 nm as a function of the refractive index at 405 nm. Each data point represents a different aerogel. 
Aerogels produced by the conventional method are classified by the solvent used during their synthesis: ethanol (gray), methanol 
(black), and DMF (blue). Aerogels produced by the pin-drying method are also classified by the solvent used: methanol (orange) and 
DMF (red). 

is performed followed by supercritical drying, identical to that performed in the conventional method. The 
pin-drying process is never a substitution for supercritical drying. 

In the single- and two-step methods and the KEK method, the refractive index of aerogels is determined 
by the preparation recipe for starting chemicals in the sol-gel step. The pin-drying process provides one 
more opportunity to control the refractive index. By controlling the refractive index at two stages, the pin- 
drying method enables the creation of aerogels with ultrahigh refractive index and sufficient transparency. 
Because the pin-drying method allows two-stage control of the refractive index, we consider it to be the 
fourth method for producing aerogels. 



3. Optical performance 

Fig. [3] shows transmission length at 400 nm as a function of the refractive index for typical aerogel 
samples manufactured at Chiba University. The transmission length A/- is defined as AjiA) - -t/lnT{A), 
where A is the wavelength of light, t is the thickness of the aerogel samples, and T is the transmittance 
measured with a spectrophotometer Detailed methods for measuring the optical parameters are given in 
Ref. d^. 

Fig. [3] consists of samples manufactured by both the conventional and pin-drying methods. The sam- 
ples produced by the conventional method are further classified by the solvent used for solvogel synthesis: 
ethanol, methanol, and DMF. For the alcohol solvents, the most transparent sample (Aj = 40 mm) was ob- 
tained at n = 1.025; both above and below this refractive index, the transmission length decreased rapidly. 
Although aerogels with refractive indices up to n = 1.14 can be produced by the conventional method with 
methanol, transmission lengths longer than 10 mm only occurred up to n = 1 .07. As a result of introducing 
DMF as a solvent in the conventional method, a significant improvement in the transmission length was 
attained in the range n = 1.035-1.11; in particular, it was remarkable in the range n - 1.04-1.07, and the 
transmission length reached over 50 mm at n = 1 .04. 

The samples produced by the pin-drying method exhibited even better optical performances. First, 
solvogels with a starting refractive index of Mj = 1 .06 synthesized with methanol solvent were studied. This 
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Fig. 4. Final refractive index n at 405 nm as a function of tlie 
sluinjiage ratio in length .v for the 66 final aerogels. The param- 
eter values of the fitting function n = I + (no - l)i"^ are shown 
on the plot. 



Fig. 5. Final refractive index at 405 nm as a function of the rela- 
tive weight for 40 solvogels. The solvogel weight is normalized 
by the initial solvogel weight in the pin-drying process. 



resulted in aerogels with ultrahigh refractive indices of « = 1.07-1.25 with sufficient transparency (A^ > 20 
mm) and with no cracking. 

Second, solvogels with a starting refractive index of n^ = 1 .066 synthesized with DMF solvent were 
studied. This resulted in aerogels with ultrahigh refractive indices of n = 1.075-1.26 with superior trans- 
parency (At > 30 mm). However, note that it took longer to complete the pin-drying process with DMF 
because the evaporation rate of DMF is lower Furthermore, it was difficult to obtain crack-free samples in 
the range n > 1 .20. 

In any case, pin-dried aerogels exhibited better transparencies than the starting aerogels. This was 
applied to aerogels with middle refractive indices in the range n = 1.05-1.08. Solvogels with n, = 1.049 
were chosen as the starting solvogels. As shown in Fig. |3] the longest transmission length (Aj- = 60 mm) 
was achieved at n ~ 1.06. In the range n - 1.05-1.08, a transmission length above 40 mm was recorded for 
the pin-dried aerogels created using DMF as the solvent. 



4. Productivity in the pin-drying method 

Further details of the pin-drying process depend on conditions such as the starting refractive index, the 
solvent used for solvogel synthesis, and the size of the solvogels. In this section, the results of several trial 
aerogel productions are given as an example. The experimental conditions were as follows: 

• Starting refractive index: n , ~ 1 .060 

• Solvent for solvogel synthesis: methanol 

• Dimensions of starting solvogels (mold size): 96 x 96 mm- or 120 x 82 mm^ 

• Thickness of final aerogels: 10 mm 

• Pin container: type-g 

Fig. |4]shows the achieved refractive index as a function of the length shrinkage ratio defined as i = I/Iq, 
where I and Iq are the length of the longest side of the final aerogels and that of ffie molds for solvogel 
synthesis, respectively. The soUd line represents the best fit of a function to all the aerogel data points. The 
fitting function is defined as n = 1 -H (no - 1)^"^, where no and D are parameters; as a result of the fitting. 
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the parameters were given as no = 1 0609 + 0.0003 and D - 2A64 + 0.012. On the basis of the fitting curve, 
the final refractive index can be roughly estimated by measuring the length of the solvogel in the pin-drying 
process. Here shrunken solvogels are assumed not to expand during the subsequent processes. 

However, it is difficult to accurately measure the length of solvogels from outside the pin containers. 
Instead, the weight of the solvogels was indirectly monitored during the pin-drying process. To judge the 
end of the pin-drying process from the solvogel weight, the weight of the pin containers must be known, 
and the solvogel weight must be related to the final refractive index in advance. The relationship between 
solvogel weight and final refractive index is shown in Fig. 5. Three trial aerogel productions to target 
n = 1.25, 1.20, and 1.12 are demonstrated here. The solvogel weight is normalized by the initial solvogel 
weight in the pin-drying process. Because of the lack of tests in advance, the n = 1.20 target aerogels shifted 
toward lower refractive indices. In general, the final refractive index can be well controlled by monitoring 
the solvogel weight. The full widths of the refractive index variation were 0.014, 0.01 1, and 0.004 for the 
« = 1.25, 1.20, and 1.12 targets, respectively. The durations of the pin-drying were 32-57 days at 23°C, 
26-33 days at 22°C, and 15-18 days at 27°C for the n = 1.25, 1.20, and 1.12 targets, respectively. 

5. Large tile production 

Large aerogel tile production with no cracking is another key factor in obtaining high performance, be- 
cause it reduces radiator boundaries in a large area of a RICH counter The larger the volume and the higher 
the density of an aerogel, the more difficulty it has in completing supercritical drying without cracking. In 
2005, typical dimensions of our aerogel tiles were 11 x 11 x 2 cm^ intherangen = 1.05-1.06. Since then, 
we have managed to produce 15x15x2 cm^ tiles with no cracking in the same refractive index range. Re- 
cently, we ascertained that it is important to slowly ramp down the pressure to atmospheric pressure during 
the supercritical drying process to reduce cracking. By using a custom-made polystyrene mold, large-area 
(18 X 18 X 2 cm^) aerogel tiles with n ~ 1.05 were manufactured in 201 1 with no cracking, good yield, and 
high transparency by the conventional method, as shown in Fig. 6. 

However, further careful handling of solvogels is needed during the pin-drying production method be- 
cause the solvogel is taken out of ethanol. In initial trial productions, starting solvogels with dimensions of 
9x9x2 cm^ were studied. A later large tile production study successfully produced final aerogels with 
dimensions of 14 x 14 x 2 cm^ and with n ~ 1.06. For aerogels with ultrahigh refractive indices, aerogels 
with dimensions of 8 x 8 x 1 cm^ and 6x6x1 cm^ were produced for « = 1.10 and 1.20, respectively, 
because a large volume reduction is required in the pin-drying process. 

6. Beam test 

In this section, we present the number of detected photoelectrons Np,e. as the result of a beam test for 
newly developed aerogel radiators. The beam test experiment was conducted to investigate the performance 



of a prototype aerogel RICH counter for the Belle II experiment Bill] in November 2009 at the Fuji test beam 
line (FTBL) in KEK, where 2 GeV/c electron beams were available. In a light-shielded box, a proximity 
RICH detector was composed of aerogel radiators and a 2 x 3 array of 144-channel hybrid avalanche photo- 



detectors (HAPD) III2II . which were read out by ASIC/FPGAs 11 1311 . Electron tracks were measured by two 
multi-wire proportional chambers at the upstream and downstream ends of the light-shielded box. The mean 
quantum efficiency of the six HAPDs was 24% at 400 nm. The acceptance of the Cherenkov ring ranged 
from 50% to 60% because the HAPDs were arranged with gaps between their packages. 

As a candidate configuration for the Belle II aerogel RICH counter based on the focusing radiator scheme 



1 1411 . we tested a combination of aerogels with n = 1.05 for the upstream layer and n - 1.06 for the 
downstream layer. Each aerogel had a thickness of 2 cm. Aerogels formed by the conventional production 
method had transmission lengths of 48 and 31 mm for the upstream and downstream layers, respectively. 
In contrast, aerogels formed by the pin-drying production method had transmission lengths of 48 and 55 
mm for the upstream and downstream layers, respectively. The distance between the upstream face of the 
radiator and the photo-detection plane was set to 20 cm, and the averaged ring acceptance was estimated to 
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Fig. 6. Photograph of a large aerogel tile with n = 1 .05 1 and At 
= 40 mm. As a reference, the coin has a diameter of 2 cm. 



Fig. 7. Number of detected photoelectrons per incident elec- 
tron track as a function of the refractive index measured at 405 
nm. The number of detected photoelectrons is normalized by 
the aerogel thickness (1 cm). The red and blue points represent 
aerogels synthesized with DMF and methanol, respectively. An 
aerogel with n = 1.05 was manufactured by the conventional 
method as a reference, and the other aerogels were produced by 
the pin-drying method. 



be 60%. In the analysis of the beam test data, we found that Np,e. per incident electron track was 10.6 and 
13.6 for the conventional and pin-dried aerogels, respectively. In particular, the improved transparency of 
the downstream aerogel caused the photoelectron yield to increase by 28%. 

As an additional study, we tested ultrahigh-refractive-index (n = 1.10-1.23) aerogels with a thickness 
of 1 cm. These aerogels were produced by the pin-drying method using methanol or DMF as the solvent. 
Depending on their refractive indices, the distances between the radiators and the HAPDs were set such 
that the radius of the Cherenkov rings was 65 mm on the photo-detection plane. The averaged ring ac- 
ceptance was estimated to be 51%. Fig. 7 shows Np,e. per track as a function of the refractive index. We 
quantitatively counted photons emitted by ultrahigh-refractive-index aerogels by using a RICH counter; this 
is the first time such a measurement has been performed. We found that the photoelectron yield increased 
with the refractive index. Comparing aerogels synthesized with DMF with those synthesized with methanol 
at the same refractive index, aerogels synthesized with DMF are more transparent and thus show a higher 
photoelectron yield. 



7. Discussion 

For the Belle II experiment at SuperKEKB, the KEK group (including the current authors) is developing 
a proximity-focusing aerogel ring imaging Cherenkov (A-RICH) detector to separate kaons from pions at 
1-4 GeV/c in the forward end cap. To detect clear Cherenkov rings with sufficient photons for both kaons 
and pions, transparent aerogels are needed in the high-refractive-index range. For this purpose, the pin- 
drying method of producing aerogels with n - 1.05-1.07 was studied in detail. On the basis of the results 
shown in Sec. |3] we are planning to use the most transparent aerogels with n - 1.05-1.06 for the A-RICH 
detector. Based on the issue of cost for the pin-drying method, aerogels for the upstream (« - 1.05) and 
downstream (« = 1 .06) layers will be produced by the conventional and pin-drying methods, respectively. 
To cover the large area of the end cap (3.5 m^ x two layers), large aerogel tile production is important. 
Aerogels will be trimmed with a water jet cutter for tiling. The cutting surface of aerogels significantly 
scatters photons. Developing large aerogel tiles reduces the boundaries between tiles; therefore, it has a 
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positive impact on the performance of the A-RICH detector. 

In addition, many upcoming nuclear physics experiments that have been proposed and approved at J- 
PARC indicate a high demand to implement threshold Cherenkov counters using aerogels as radiators for 
triggering or for particle identification; some of these experiments are already in the detailed-design stage. 
For example, E03 (measurement of X-rays from H" atoms) requires an n - 1.12 Cherenkov counter to 
trigger positive kaons from protons at 1 -2 GeV/c [ 15], and the E16 upgrade plan (exploration of the chiral 
symmetry in QCD) shows the importance of Cherenkov counters with n - 1 .034 for a kaon spectrometer. 
Furthermore, E27 (search for the Kpp state) also requires n - \ .25 to separate kaons from high-momentum 
protons. For E03, aerogels with n - 1.12 have already been manufactured by the pin-drying method using 
DMF as the solvent, and they are to be installed in a counter For E27, aerogels with n - \ .25 have also 
been manufactured by the same method using methanol as the solvent as a test before mass production 
as described in Sec. |4] For the E16 upgrade, aerogels with n ~ 1.034 are under trial production by the 
conventional method using DMF as the solvent. Although transparency in aerogels has been somewhat 
improved by recent developments in this refractive index range (Fig. [3]l, high-transparency aerogels should 
be produced by the pin-drying method in the near future. 

8. Conclusion 

Both the conventional and pin-drying methods of producing hydrophobic silica aerogels with high re- 
fractive index (« < 1 .26) were studied in detail. The refractive index was well controlled in the pin-drying 
process, and the longest transmission length {Aj - 60 mm) was recorded at n ~ 1.06. In a beam test using 
the RICH counter, 13.6 photoelectrons were detected from the pin-dried aerogels with 4-cm thickness and 
n - 1.05-1.06. In addition, up to 10.4 photoelectrons were detected from the pin-dried aerogels with 1-cm 
thickness and n < 1.23. In the conventional method, large aerogel tiles (18 x 18 x 2 cm^) were success- 
fully manufactured with high transparency (Aj > 40 mm) and high refractive index (« ~ 1.05) by carefully 
controlling the pressure reduction process during supercritical drying. This significant progress will open 
up many opportunities to employ aerogels in Cherenkov counters. 
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